ABSTRACT: The critical impact of epitaxial stress on the stabilization of the ferroelectric orthorhombic phase of hafnia is proved. Epitaxial bilayers of Hf0.5Zr0.5O2 (HZO) and La0.67Sr0.33MnO3 (LSMO) electrodes were grown on a set of single crystalline oxide (001)-oriented (cubic or pseudocubic setting) substrates with lattice parameter in the 3.71 -4.21 Å range. The lattice strain of the LSMO electrode, determined by the lattice mismatch with the substrate, is critical in the stabilization of the orthorhombic phase of HZO. On LSMO electrodes tensile strained most of the HZO film is orthorhombic, whereas the monoclinic phase is favored when LSMO is relaxed or compressively strained. Therefore, the HZO films on TbScO3 and GdScO3 substrates present substantially enhanced ferroelectric polarization in comparison to films on other substrates, including the commonly used SrTiO3. The capability of having epitaxial doped HfO2 films with controlled phase and polarization is of major interest for a better understanding of the ferroelectric properties and paves the way for fabrication of ferroelectric devices based on nanometric HfO2 films.
INTRODUCTION
The recent demonstration of ferroelectricity in nanometric thin films of a metastable orthorhombic phase of doped HfO2 1 opens promising opportunities for memory devices [2] [3] [4] and energy applications. 2, [5] [6] [7] The metastable phase of HfO2 is usually crystallized by annealing thin film heterostructures of amorphous hafnia sandwiched between top and bottom electrodes, typically TiN 2, [8] [9] or TaN. 10 The resulting films are polycrystalline and contain paraelectric tetragonal and monoclinic phases besides the ferroelectric orthorhombic phase. 1, 2, [11] [12] The ferroelectric phase has been also grown epitaxially on a few substrates, including yttria-stabilized zirconia, [13] [14] [15] [16] LaAlO3, 17 SrTiO3, [18] [19] [20] [21] and buffered Si. 22 The research on epitaxial stabilization is just emerging in comparison with that on polycrystalline doped HfO2 films. 2, 5, 8, [10] [11] [12] 23 However, epitaxial HfO2 films are of huge interest as their properties can be better controlled than those of polycrystalline samples. Besides the single crystal orientation in epitaxial films, the control of the epitaxial stress can permit engineering of the microstructure and the resulting ferroelectric properties of the films. The relevance of epitaxial stress on the growth of ferroelectric HfO2 is two-fold. On one hand, epitaxial stress affects greatly the energy of a (semi)coherent interface between a substrate and a heteroepitaxial film, and it can favor the stabilization of a metastable phase that is in competition with other polymorphs. This epitaxial stabilization has been used to obtain unstable phases of a variety of complex oxides. [24] [25] [26] [27] On the other hand, epitaxial stress can cause elastic lattice strain, which can modify the energy of the polymorphs 23, 28, 29 and can also produce important effects on the polarization of ferroelectric oxides. [30] [31] The most common method to control stress in heteroepitaxial films is based on the selection of a substrate with particular lattice mismatch. However, this substrate engineering remains unexplored for ferroelectric HfO2.
Aiming to investigate the effects of epitaxial stress, epitaxial Hf0.5Zr0.5O2 (HZO) films were grown on a set of single crystalline oxide substrates presenting a wide range of lattice parameters (Figure 1a) . La0.67Sr0.33MnO3 (LSMO) epitaxial electrodes and HZO films were sequentially deposited in a single process. The lattice parameter of LSMO is expected to be critical on the epitaxial stabilization of HZO since the electrode is the epitaxial template on which HZO grows.
It is found that the substrate determines the lattice strain of LSMO, and that the LSMO strain state strongly influences the formation of orthorhombic and monoclinic phases in the HZO film.
Therefore, the substrate determines the amount of orthorhombic phase, and substrate selection permits tuning of the ferroelectric polarization of the film. The remnant polarization Pr ranges from less than 5 μC/cm 2 for films on LSAT (as = 3.868 Å) and substrates with smaller lattice parameter to around 25 μC/cm 2 for films on TbScO3 (as = 3.96 Å) and GdScO3 (as = 3.97 Å).
The results demonstrate that tensile strained LSMO electrodes favor the epitaxial stabilization of the metastable orthorhombic phase and enhancement of the ferroelectric polarization. Therefore, epitaxial stress engineering can be successfully applied to HfO2, allowing control of the ferroelectric properties and making possible increased polarization. This control, which does not require varying thickness or deposition parameters, can pave the way to understand the correlations between structural and ferroelectric properties of HfO2, and it is relevant for prototyping devices based on nanometric HfO2 films. in Figure 1d ), reduces the LSMO oop parameter monotonously from 4.00 Å (on LaAlO3) to 3.80 Å (on TbScO3), whereas the corresponding ip parameter increases to 3.79 Å to 3.95 Å.
RESULTS AND DISCUSSION
The RSMs in Figure S1 confirm that LSMO films, 25 nm thick, are elastically strained in the -2 to +2% lattice mismatch range. In the films on substrates having larger negative or positive lattice mismatch, the LSMO relaxes plastically and the oop and ip parameters approach the bulk value, almost matching it on the greatly mismatched (<-4.1%) YAlO3 and (>8%) MgO substrates. Therefore, it is proven that the strain state of LSMO is determined by the substrate.
The LSMO electrodes act as a template for the subsequent growth of HZO, and thus their lattice strain, that depends on the substrate, can be relevant to the epitaxy of HZO. The XRD - and remarkably it was found that the orthorhombic phase in (111)-oriented films has minimum energy for positive strain around 1.5%, and its energy was smaller than that of (111)-oriented monoclinic phase for a very broad range of strain extending from negative values to positive values well above 2%. 29 Therefore, the o-HZO(111) orientation in our epitaxial films can be a relevant factor on the stabilization of the ferroelectric phase, although its formation in our films is competing with the {100} orientation of the monoclinic phase. On the other hand, strain is likely less relevant considering the low elastic strain ( Figure S3 ) of the films. In addition, the interface between HZO and the bottom surface (the LSMO electrode in this case), for which energy calculations are not reported, can be determinant on the total energy of HZO polymorphs.
2 scans in
The epitaxial stabilization of o-HZO with (111)-orientation implies a change in crystal symmetry, being the HZO film (111) oriented on the 4-fold symmetry LSMO(001) surface.
Heteroepitaxy with different symmetry between a top layer and a bottom layer (or the substrate)
is relatively frequent. 33 Films can present either higher 34 or lower 35 symmetry than the substrate.
Epitaxy requires matching between layer and substrate crystal lattices, which is intriguing when the surface symmetry of layer and substrate is different. However, heteroepitaxy can happen in largely mismatched film-substrate systems by coincidence of m lattice planes of the film on n planes of the substrate. 36 This mechanism is often observed in heteroepitaxy of semiconductors 36 and oxides 37 . The change in symmetry usually causes formation of crystal variants, like in the case of o-HZO(111) films on LSMO(001) surfaces. Related examples are epitaxial growth of spinel NiFe2O4(111) films on yttria-stabilized zirconia-YSZ(001) 38 or wurtzite ZnO(0001) on MgO(001) 35 . Figure   3a , confirm that both orthorhombic and monoclinic phases, when present in the films, are epitaxial (see -scans in Figure S4 ). The sample on GdScO3 shows 4 sets of three high intensity o-HZO -111 spots, indicating the existence of four crystal variants with 90° rotation in the plane.
XRD pole figures around asymmetrical o-HZO -111 and m-HZO -111 reflections in
In Figure Two potential contributions to the ferroelectric polarization can be considered. First, the amount of orthorhombic phase formed, and second the strain state of the resulting o-HZO (111) phase (Figures 1-3) . These two contributions can ultimately determine the ferroelectric polarization. Therefore, the remnant polarization is plotted as a function of the interplanar do- 
Ferroelectric measurements.
Ferroelectric measurements were performed with an AixACCT TFAnalyser2000 in the topbottom electrode configuration at 1000 Hz. The area of the contacts was 283 µm2 for all the samples. Leakage compensation was performed by means of Dynamic leakage current compensation technique (DLCC). 4 Residual leakage exponential contribution (after DLCC) was first fitted and after removed from the measured current. 
